Context: Genome-wide association studies identified .50 type 1 diabetes (T1D) associated nonhuman leukocyte antigens (non-HLA) loci.
Conclusions:
In conclusion, we identified five non-HLA SNPs associated with increased risk of progression from Ab positivity to disease that may improve risk stratification for prevention trials. (J Clin Endocrinol Metab 102: [2873] [2874] [2875] [2876] [2877] [2878] [2879] [2880] 2017) T ype 1 diabetes (T1D) is a chronic autoimmune disease resulting from the interaction of genes and environmental factors (1) . T1D has a strong genetic component. Concordance rates for disease development exceed 50% in monozygotic twins with long-term follow-up, compared with 6% to 10% in dizygotic twins, which is similar to what is found in nontwin siblings (2, 3) . T1D prevalence by age 30 is higher in siblings of patients (6%) than in the general population (0.4%). Several genomic loci have been confirmed as T1D susceptibility regions by linkage and association studies. The human histocompatibility complex on chromosome 6p21 contains genes involved in innate and adaptive immune functions; genes coding for variants of human leukocyte antigen (HLA), especially selected allele variants at the class II HLA DR and DQ loci are considered the major susceptibility locus for T1D: an estimated 30% to 50% of the overall genetic risk is attributed to this region (4, 5) . With the advent of genome-wide association studies, more than 50 non-HLA susceptibility gene markers have been associated with diabetes risk (6) (7) (8) (9) . Most appear to have effects in the immune system and have recently been shown to localize to enhancer sequences active in thymus, T and B cells, and CD34+ stem cells (10) ; however, there is increasing appreciation that many are also expressed in islet cells and modulate beta cell function and responses to various stimuli (11) . In the Diabetes Autoimmunity Study in the Young (DAISY), PTPN22, UBASH3A, INS, and IFIH1 were significantly associated with islet autoimmunity and/ or T1D, after adjusting for family history of T1D and HLA-DR3/4-DQ2/8 genotype (12, 13) . In The Environmental Determinants of Diabetes in the Young (TEDDY) study, eight single nucleotide polymorphisms (SNPs) achieved significant association to development of islet autoimmunity (IA) using time-to-event analysis, including rs2476601 in PTPN22, rs2292239 in ERBB3, rs3184504 in SH2B adaptor protein 3 (SH2B3), rs1004446 in INS, rs2816316 in RGS1, rs10517086 on chromosome 4p15.2, rs4948088 in COBL, and rs12708716 in CLEC16A (14) .
It is becoming increasingly evident that various phenotypes and genotypes are likely to contribute to the different presentations of diabetes (variable age of onset, severity of presentation, etc.) and that understanding disease pathophysiology and staging of diabetes will help facilitate individualized treatment (15) . The goal of this study was to evaluate if non-HLA SNPs can improve risk stratification for prevention trials in relatives enrolled in the TrialNet Pathway to Prevention (PTP) study.
Materials and Methods

Study population and design
The TrialNet PTP study screens for the presence of autoantibodies (Abs) and follows relatives of T1D patients at increased risk of diabetes as previously described (16) . All subjects are screened for Abs to glutamic acid decarboxylase Ab (GADA), insulin Ab (IAA), and insulinoma-associated antigen 2 Ab (IA-2A); if any of these are detected, Abs to zinc transporter 8 Ab (ZnT8A) and islet cell antibodies (ICAs) are tested as well. Islet autoimmunity was defined as confirmed positive for at least one positive Ab, including IAA, GADA, IA-2A, ZnT8A, and ICA. Since ZnT8A and ICA measurements were not consistently performed, only GADA, IAA, and IA-2A were considered for analyses of progression from single to multiple ($2) Ab. Relatives positive for at least one Ab are followed with 2-hour oral glucose tolerance test (OGTT) surveillance for the development of diabetes. In this study, we analyzed 1016 nonHispanic white relatives with Ab positivity and for whom we had available Immunochip (Illumina) data; only one subject per family was included for these genetic analyses (Supplemental Fig. 1 ). On follow-up, 284 relatives were diagnosed with diabetes according to American Diabetes Association guidelines (17) . All study participants gave informed consent and the study was approved by the responsible ethics committee at each study site.
HLA typing
Relatives were typed for HLA class II DRB1, DQA1, and DQB1 alleles at full resolution using DNA-based typing with oligonucleotide probes, as previously reported (18) . HLA genotypes were categorized as HLA-DR3/4*0302, HLA-DR4*0302/4*0302, HLA-DR3/3, HLA-DR4*0302/X, HLA-DR3/X, and HLA-DRX/X, where X equals not HLA-DR3, not HLA-DR4.
SNPs
SNPs were genotyped using the Illumina Immunochip at the Center for Public Health Genomics at the University of Virginia, Charlottesville, VA. The Immunochip is a custom array of 186,000 SNPs selected from regions of the genome robustly associated with autoimmune diseases. For the purpose of this study, we analyzed a total of 53 non-HLA SNPs in 44 gene regions previously associated with T1D risk (10, 14) (Supplemental Table 1 ). The insulin rs689 SNP failed quality control and was therefore excluded from analyses, but another insulin SNP rs7111341 was included in the analyses.
Statistical analysis
Statistical analyses were performed using SAS software (version 9.4, SAS Institute, Cary, NC). Student t tests and Pearson x 2 tests were used to compare groups. For each SNP, the number of minor alleles was used and analyzed as a continuous variable in the univariate Cox proportional hazards model. Because our analyses were based on a priori hypotheses, P values were not corrected for multiple testing. Multivariate Cox proportional hazards models with backward selection were performed to obtain hazard ratios (HRs) with 95% confidence intervals (CIs). Models included all SNPs univariately substantial with P value , 0.1 and the following variables: age at the initial screening, sex, relationship to proband and HLA DR-DQ risk group, and type of first Ab for progression to multiple Abs and number of positive Abs for progression to T1D. An additional model included glucose area under the curve (AUC) from 2-hour initial OGTT. Univariate and multivariate Cox proportional hazards models were also performed after stratification by age; a cut-off of 12 years of age was chosen to be consistent with typical age inclusion criteria into prevention trials in children. Further stratification in younger children (,6 years old) was not possible because of small numbers. Kaplan-Meier curves were generated to examine the development of T1D or multiple Abs in those initially identified with a single Ab; differences between the curves were assessed with logrank tests. P values , 0.05 were considered statistically significant.
Results
Characteristics of the PTP participants who were included in the analysis are shown in Table 1 . Subjects who progressed to diabetes were more likely to be males, younger at initial positive visit, sibling to the proband, and more often carried the high-risk HLA DR3/4 genotype. Among the 1016 Ab-positive TrialNet participants, a total of 239 were single confirmed Ab positive. The 254 excluded subjects had similar characteristics to the 1016 subjects included in the analyses, except for relationship to proband with slightly less parent and offspring in the excluded group (Supplemental Table 2 ).
Among relatives initially identified with a single Ab (n = 239), three SNPs were associated with progression to multiple Abs in univariate analyses: rs3087243 [cytotoxic T lymphocyte antigen-4 (CTLA4); HR = 0.61, P = 0.03], rs75793288 (IL2/IL21; HR = 1.50, P = 0.048), and rs62447205 (IKZF1; HR = 1.62, P = 0.04); two other SNPs showed a trend toward association for progression to multiple Abs, rs4505848 (IL2/IL21; HR = 1.42, P = 0.093) and rs72928038 (BACH2 ; HR = 1.50, P = 0.07), and were included in multivariate analyses. Among all Ab-positive relatives, the following SNPs were associated with progression to diabetes in univariate analyses: rs6476839 [GLIS family zinc finger 3 (GLIS3); HR = 1.35, P = 0.001], rs3184504 (SH2B3; HR = 1.22, P = 0.02), and rs7221109 (CCR7; HR = 0.82, P = 0.03). Another five SNPs showed a trend toward association with progression to T1D, and were also included in multivariate analyses: rs113010081 (CCR5; HR = 0.80, P = 0.098), rs7020673 (GLIS3; HR = 0.86, P = 0.063), rs2290400 (ORMDL; HR = 0.86, P = 0.079), rs1893217 (PTPN2; HR = 0.81, P = 0.05), and rs11203203 (UBASH3A; HR = 0.85, P = 0.052).
Multivariate Cox proportional backward selection analyses were performed including all substantial non-HLA SNPs, HLA genotypes, relationship to proband (sibling, offspring, parent), sex, age at initial screening and type of first Ab for progression to multiple Abs and number of positive Ab for progression to diabetes T1D. Factors involved in progression to multiple Abs in those single Ab-positive subjects included age at initial screening, being parent of a patient, HLA genotypes, and rs3087243 (CTLA4) ( Table 2 ). Factors that stayed significant for disease progression included age at initial screening, number of Ab, HLA-DR3/4, HLA-DR4/4, rs6476839 (GLIS3), and rs3184504 (SH2B3) ( Table 3) . When adding glucose AUC to the model, factors involved in progression to diabetes included glucose AUC, age at screening, number of Ab, being an offspring or sibling, HLA DR3/4, HLA DR4/X, and rs6476839 (GLIS3); rs3184504 (SH2B3) was no longer significant, while rs7221109 (CCR7) became newly significant in this model (Table 4 ). For progression from single to multiple Abs in participants with glucose AUC data, results were similar overall, but only age at initial screening, HLA-DR4/4 and rs3087243 (CTLA4) stayed significant in this model (Table 5) .
Multivariate Cox proportional hazards analyses stratified by age including glucose AUC are shown in Supplemental Table 3 . For subjects ,12 years old at the initial screening visit, glucose AUC, age at screening, being a sibling, HLA genotypes, rs6476839 (GLIS3), and rs4900384 (C14orf64) were significant factors involved in diabetes progression; glucose AUC, being a sibling, rs3184504 (SH2B3), and rs4900384 (C14orf64) were associated with disease progression in those older than 12 years of age. Interestingly, rs4900384 (C14orf64) had opposite effects in these age groups as it was associated with disease progression in those aged 12 or older (HR = 1.85, 95% CI, 1.24 to 2.74) but showed a protective effect in those younger than 12 (HR = 0.74,95% CI, 0.57 to 0.97).
Survival curves were generated for the significant SNPs described previously. Risk for development of multiple Abs by 6 years was 43% for those with rs3087243 GG genotype (CTLA4) compared with 20% for those with AA/AG genotypes [P = 0.014; Fig. 1(a) ]. By year 6 after the initial visit, subjects with rs6476839 AT/TT genotype (GLIS3) had a higher risk for diabetes development (36%) compared with those with the AA (25%) genotypes [P , 0.007; Fig. 1(b) ]. Participants with rs3184504 TT/CT genotypes (SH2B3) had a higher risk of diabetes development compared with those with the CC genotype [35% vs 23% respectively, P = 0.006; Fig. 1(c) ].
In addition, we explored whether there was an interaction between CTLA4 and HLA-DR3 or HLA-DR4 haplotype. There was no interaction effect between HLA-DR3 and CTLA4. However, there was a significant interaction between HLA-DR4 and CTLA4. Subjects with rs3087243 GG genotype and HLA-DR4 had a higher risk of developing multiple Abs by 6 years than those with AA/AG genotypes and HLA DR4 (51% vs 17% respectively, P = 0.003).
Discussion
Several prospective studies such as DAISY (12, 13) , BABYDIAB (19, 20) , and TEDDY (14) have looked at the additional effects of known susceptibility non-HLA genes on progression from islet autoimmunity to diabetes. All of these studies involve the prospective follow-up of very young children identified to be at genetic risk at birth. The TrialNet PTP cohort examined here differs in that relatives of T1D patients are screened and enrolled in the study at an older age, between the ages of 1 and 45 years [median age at screening for the participants in this study was 11.3 years (interquartile range = 6.8 to 23.7)]. Given the well-known influence of age on disease progression, it is possible that genetic associations may differ according to age. To our knowledge, this the largest cohort of Abpositive subjects studied to date, whereas DAISY, TEDDY, and BABYDIAB studies primarily analyzed the risk of developing Ab in genetically at-risk populations. This is also the first study, to our knowledge, to combine genetics and dysglycemia assessment (glucose AUC) to improve prediction of disease progression. This study in relatives at high-risk for development of diabetes shows that non-HLA SNPs contribute to progression to diabetes or progression from single to multiple Abs in addition to known factors such as age, relationship to proband (sibling, offspring), HLA genotypes, and number of Ab. Whereas both rs6476839 (GLIS3) and rs3184504 (SH2B3) are important factors involved in progression to diabetes among Ab-positive subjects, rs3087243 (CTLA4) was involved in progression to multiple Abs in those single Ab-positive participants. GLIS3 is a transcription factor important for the regulation of pancreatic b-cell development and insulin gene expression (21) . GLIS3 has been associated with diabetes (7, 19) and permanent neonatal diabetes (22) . In DAISY, GLIS3 showed borderline association with development of islet autoimmunity in multivariate analyses adjusting for family history and HLA-DR3/4 genotype (13). Both CTLA4 and SH2B3 have been associated with diabetes and celiac disease (9) . Eight SNPs, including SH2B3, were associated with time to diabetes in the study of children with high-risk HLA alleles participating in TEDDY (14) . The encoded protein (SH2B) is a key negative regulator of cytokine signaling. CTLA4 plays a role in the inhibition of T-cell activation. A clinical trial in patients with new onset T1D showed that costimulation modulation with abatacept (CTLA4-Ig) slows the decline of b-cell function and improves HbA1c (23, 24) . This has led to the currently ongoing TrialNet prevention trial with abatacept in relatives with multiple Abs.
When adding glucose AUC to the model, rs6476839 (GLIS3) but not rs3184504 (SH2B3) stayed significantly associated with disease progression besides glucose AUC, age at screening, number of Ab, relation to proband and HLA genotypes. Interestingly, rs7221109 (CCR7) became significant in the overall model with AUC glucose. However, rs7221109 (CCR7) was not significant in the base model without glucose AUC nor in the stratified model by age with AUC glucose. C-C chemokine receptor type 7 (CCR7) has been shown to be involved in the recruitment of T cells into inflamed islets and thus plays a role in the pathogenesis of T1D (25) . Only age at initial screening, HLA-DR4/4 and rs3087243 (CTLA4) stayed significant for progression to multiple Abs; this suggests that dysglycemia is not associated with progression from single to multiple Abs. Prevention trials are currently only available for relatives with multiple Abs. However, single Ab-positive subjects with CTLA4 rs3087243_A and HLA-DR4 might benefit from early prevention trials to prevent spreading of Abs and preservation of b-cell mass at the early stages of disease.
In stratified analyses by age, glucose AUC, age at screening, being a sibling, HLA genotypes, rs6476839 (GLIS3), and rs4900384 (C14orf64) were significantly associated with progression to diabetes in subjects ,12 years old at initial visit, whereas glucose AUC, being a sibling, rs3184504 (SH2B3), and rs4900384 (C14orf64) were important factors in those $12 years. Interestingly, rs4900384 (C14orf64) had an opposite (protective) effect in the younger group, similar to what has been shown in TEDDY, a cohort of young children at increased risk for T1D (14) . The differences in genetic associations may imply a different mechanism of disease in younger and older subjects. Identifying specific risk factors according to age could lead to personalized prevention trials which might have a better chance in succeeding to prevent T1D. Besides the effects of age, variance in results between this study and other prospective studies such as DAISY, BABYDIAB, and TEDDY could be due to differences in ascertainment (TEDDY cohort has mainly young general population children, whereas BABYDIAB follows offsprings of T1D parents) and in the SNPs tested. The strengths of this study include well-characterized population of relatives at increased risk for diabetes representing an older age group than in the prospective studies from birth. Among the single Ab-positive confirmed group (N = 239), a total of 45 subjects (19%) developed T1D (including 14 with multiple Abs) and another 36 subjects (15%) developed multiple Abs but not T1D. The progression to T1D among single Ab-positive confirmed subjects has typically been around 15% in PTP, so these numbers might be slightly higher. The limitations of this study include that participants are not followed since birth and, therefore, the time of seroconversion is often unknown. Analyses were limited to participants with at least one positive Ab. The factors that we identified as contributors to progression from single to multiple Abs and from Ab positivity to overt disease may differ from those that influence the triggering of islet autoimmunity. Some of the analyses were limited by a relatively small number of subjects. To avoid confounding effects of genetic heterogeneity across populations, we only analyzed non-Hispanic whites, who represent the major ethnic group in the PTP study; whether these findings apply to other races/ethnicities warrants further study.
In conclusion, we suggest that non-HLA genes are active during disease progression after the initial triggering of autoimmunity. Non-HLA SNPs help to refine risk for Ab-positive relatives and may improve risk stratification for prevention trials.
